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!3  ABSTRACT 


The  purpose  of  the  research  program  reported  upon  herein  was  to  gain  an 
improved  understanding  of  the  interrelationships  existing  between  the  seasonal 
mountain  snowpack  and  climate  and  terrain.  The  field  investigations  were  carried 
out  in  the  mountains  of  southwestern  Montana  over  four  winter  seasons .  Most  of  the 
studies  were  conducted  in  t)ie  Bridger  Mountain  Range  near  Eoneman,  6:ontai.a. 

The  investigation  evolved  into  three  main  areas  of  empha.ni'' : 

(1)  Snowpack  accumulation  as  related  to  terrain  and  ir.cteorol ogical  factors. 

(?)  Remote  sensing  of  snow  surface  temperature  by  infrared  radicn.etry . 

(3)  Study  of  some  of  the  physical  properties  of  the  seasonal  ;r.o-.;;:l;,in  snow- 
pack  through  snowpit  sampling. 

The  results  of  invcstign.tion  into  each  area  of  e.’n;;)iasis  has  beci.  rci  cr'e]  uroi. 
in  a  separate  technical  report.  This  final  report  is  comijosed  of  tlie  abrlrac-*  anti 
summary  and  conclTisions  of  each  of  the  three  technical  reports. 
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INTRODUCTION 


The  purpose  of  the  research  program  reported  upon  herein  was 
to  gain  an  improved  understanding  of  the  interrelationship'*  .istlng 
between  the  seasonal  mountain  snowpack  and  climate  and  terrain.  The 
field  Investigations  were  carried  out  in  the  mountains  of  southwestern 
Montana  over  four  winter  seasons.  Most  of  the  studies  were  conducted 
in  the  Bridget  Mountain  Range  near  Bozeman,  Montana. 

The  investigation  evolved  into  three  main  areas  of  emphasis: 

(1)  Snowpack  accumulation  as  related  to  terrain  and  mete¬ 
orological  factors. 

(2)  Remote  sensing  of  snow  surface  temperature  by  Infrared 
I  I’d  lone  try. 

(3)  Study  of  some  of  the  physical  properties  of  the  seasonal 
mountain  snowpack  through  snowpit  sampling. 

The  results  of  investigation  into  each  area  of  emphasis  has 
been  reported  upon  in  a  separate  technical  report.  The  abstract  and 
summary  and  conclusions  of  aach  of  the  three  technical  reports  follow. 


SNOWACr.  ACCUMULATION  IN  RELATION  TO  TERRAIN 
AND  METEOROLOGICAL  FACTORS  IN  SOUTHWESTEILN  MONTANA 


by 

John  T.  McPartland 
Arlift  B.  Super 
Val  L.  Mitchell 


August  1971 


ABSTRACT 

The  relationships  between  mountain  snowpack  accumulation  and 
terrain  and  meteorological  parameters  were  investigated  in  three 
separate  mountain  areas  in  southwestern  Montana. 

The  parameters  used  (elevation,  aspect,  slope,  geographic 
location,  and  degree  of  potential  windinesc)  were  determined  for 
each  samplin;  aice  in  the  three  study  areas.  These  were  used  as 
terrain/meteorological  parameters  in  the  data  analysis.  Snowpack 
variables  measured  were  snow  depth  and  water  equivalent. 

Statistical  treatment  of  the  data  was  performed  through  use 
of  simple  correlation  and  multiple  linear  regression  analyses,  and 
by  principal  component  analysis.  Snow  depth  was  used  as  the  snowpack 
variable  throughout  all  analyses.  However,  a  very  high  simple  linear 
correlation  consistently  existed  between  the  snow  depth  and  water 
equivalent,  and  it  is  concluded  that  results  of  the  statistical 
analyses  apply  equally  to  water  equivalents. 

In  the  Bangtail  area  of  the  Bridget  Range,  cJevatlon  was 


generally  the  most  Important  variable  in  explaining  variance  in 
snowpack  depth.  The  potential  windinoss  parameters  used  were  usually 
second  in  importance  in  explaining  the  depth  variance.  Southwest 
winds  are  known  to  be  predominant  in  the  area,  and  exposure  to  the 
southwest  quadrant  was  the  most  significant  of  all  the  potential 
wind  variables.  Aspect,  slope,  and  location  parameters  were  generally 
not  effective  in  explaining  the  variance  in  snowpack  depth. 

Variation  in  snowpack  depth  at  the  Carrot  Basin  area  of  the 
Madison  Range  and  the  Cooke  City  area  of  the  Beartooth  Range  were 
largely  explained  by  the  elevation  parameter.  V?ind  effects  in 
both  areas  were  unimportant. 


SUMM\RY  AND  CONCLUSIONS 

The  study  presented  was  initiated  to  investigate  the  relationships 
between  mountain  snowpack  accumulation  and  terrain  and  meteorological 
parameters. 

Three  separate  mountain  areas  were  chosen  to  determine  if  con¬ 
sistent  relationships  between  snowpack  variations  and  variables 
selected  for  analysis  could  be  developed  in  areas  which  differed  in 
location  and  general  landscape  features. 

Field  Investigations  were  conducted  over  a  three-year  period 
at  sites  situated  in  the  Bridger,  Madison,  and  Beartooth  Ranges  of 
southwestern  Montana.  Each  of  the  research  areas  vras  generally 
downwind  of  a  major  orographic  barrier  and  offered  a  wide  range 
of  diverse  terrain  and  meteorological  conditions  for  study  and 
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comparison.  In  general,  sampling  sites  in  the  Bangtail  area  of  the 
Brldgcr  Range  occupied  the  widest  range  of  topographic  conditions, 
hliile  some  sites  were  along  ridge  crests  or  valley  floors,  most 
occupied  intermediate  positions.  Topography  in  the  Carrot  Basin 
area  of  the  Madison  Range  also  allowed  a  wide  range  of  site  locations 
to  be  selected.  These  were  generally  confined  to  the  region  which 
tapers  from  the  foot  of  the  mountain  peaks  to  the  main  valley  floor 
some  10  miles  east.  Sites  in  the  Cooke  City  area  of  the  Beartooth 
Range  were  generally  restricted  to  deep  valley  bottoms  due  to 
logistic  considerations.  Tree  cover  and  terrain  features  within 
each  of  the  areas  w:  i  quite  diverse,  and  it  was  possible  to  select 
sampling  sites  which  covered  a  broad  range  of  conditions. 

The  parameters  elevation,  aspect,  slope,  geographic  location, 
and  degree  of  potential  wlndlness  were  measured  for  each  sampling 
point  in  the  three  study  areas.  Those  were  utilized  as  terrain/ 
meteorological  variables  in  the  statistical  treatment  of  the  data. 

For  the  Bangtai]  and  Cooke  City  areas,  two  measures  of  potential 
wind  effects  at  the  sampling  sites  were  utilized.  These  were  a 
subjective  wind  factor  and  an  objective  exposure  rating.  The  sub¬ 
jective  system  was  applied  by  making  value  judgements  based  on  a 
series  of  definitions  (after  Brov/n  and  Peck,  1962)  as  to  the  degree 
to  which  a  site  would  be  afforded  protection  from  wind  effects. 

The  objective  system  was  developed  from  panoramic  pliotographs  centered 
at  each  sampling  location  and  was  a  measure  of  the  percentage  of 
photograph  area  which  was  not  blocked  by  tree  cover  or  terrain 
features.  The  objective  classification  W'us  divided  into  four 


separate  parameters  which  allowed  the  amount  of  exposure  in  any 
of  the  four  major  quadrants  to  be  used  as  individual  variables.  Due 
to  lack  of  available  field  tine,  the  objective  exposure  rating  system 
was  not  applied  to  sites  in  the  Carrot  Basin  Area  of  the  Madison 
Range . 

Snovjpack  variables  measured  were  snow  depth  and  v/ater  equivalent. 
During  the  first  field  season,  core  samples  to  determine,  the  water 
content  of  the  snowpack  were  only  taken  at  selected  sites  in  indi¬ 
vidual  study  areas.  During  the  later  phases  of  the  field  investigation, 
core  samples  were  obtained  at  all  sampling  sites.  Thus,  there  was 
substantially  more  information  available  for  analysis  on  snow  depth 
than  on  water  equi'. alent.  However,  a  very  high  linear  correlation 
consistently  existed  between  the  snow  depth  and  water  equivalent 
values.  From  this.  It  was  concluded  that  results  of  the  statistical 
analyses  using  snow  depth  as  the  dependent  variable  would  also  be 
applicable  to  water  equivalent  information. 

Stati.stical  treatment  of  the  data  was  performed  through  use  of 
simple  correlation  and  multiple  linear  regression  analyses,  and  by 
principal  component  analysis.  Snow  depth  v;as  used  as  the  snov/pack 
variable  throughout  all  analyses. 

Simple  linear  correlation  coefficients  wore  first  computed  between 
snow  depth  and  the  terrain/metooro Logical  variables.  As  a  general 
rule,  any  variable  which  was  not  signif icantiy  correlated  '5Z  level) 
uith  snow  depth  was  excluded  from  furtiior  consideration. 

The  remaining  variables  V7cre,  suhjec;tcd  to  linear  multiple 
ccri  ol at  Lon  analysis,  and  the  results  were  interpreted  in  tern.s  of 


tlK’  percent  of  tlio  variance  exp  1  ■■'.ined  as  expressed  by  the  coi.'f  f  i  dent 
of  multiple  determination.  Tills  type  of  analysis  has  several  ro- 
strictioiia  thich  hinder  interpretation  of  the  results.  3u:;c.d  on 
considerations  of  these  restrictions,  if  an  ad'litional  variable  added 
to  a  "rouping  did  not  generally  increase  the  total  variance  explained 
by  at  least  107- ,  the  variable  ’-.'as  not  considered  important.  Iloviever, 
because  variables  must  be  assumed  to  he  independent  in  this  type  of 
analysis,  the  order  in  which  variables  are  added  to  a  grouping  can 
affect  their  apparent  importance.  Thus,  physical  reasoning  also 
entered  into  the  judgement  of  each  variable’s  significance. 

Principal  component  analysis  avoids  xon-e  of  the  i, estrictions 
imposed  by  the  piultiple  linear  r.igressiou  technique,  as  the  variables 
are  grouped  into  independent  combinations  (ei>;envi;ct.or.s)  vdiich  describe 
the  relationships  v;hLch  occur  in  the  data.  The  first  eiienvector 
produced  explains  the  largest  fiouiit  of  variance  ."'nd  successive  elgcn- 
vc'^ctors  explained  priygr-tssivcly  less.  All  v..itlal)les  v;ere  initially 
considered  in  the  principle  component  analysis,  but  only  those  tliat 
v;ere  Piost  effective  in  explainin’  the  variatice  were  retainc'd  for 
final  presentation.  Due  to  tliC  small  nunfjer  of  variables  finally 
utilized,  strong  i n terp reta t ion  is  limited  to  t!io  results  ndioxsi  hy 
tile  first  eigenvector. 

Analysis  of  the  data  fror.i  tl\c  bangtail  area  of  the  nridger  Ilange 
Indicates  that  the  follo'./lng  conclusions  can  ho  dtiiwn: 

(1)  I'.levation  was  gcis  rally  the  most  important  variable  in 
explaining  the  v.n  iance  In  sr.o-.’p  ick  dcplii,  with  stU’W 
depth  consistently  incrcas’ng  i.’ith  elova.  ion.  ^^>re  than 
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onc-half  the  total  explained  variance  was  accounted  for 
by  the  elevation  parameter  in  the  larger  data  grouping  (N  =  92). 
Aa  the  i;pring  melt  season  was  reached,  elevation  became  pro¬ 
gressively  ir.ore  important.  This  was  probably  due  to  the  reduced 
effectiveness  of  wind  in  redistributing  snow,  because  of 
wet  spring  snows  and  the  presence  of  sun  crusts,  and  to  the 
occurrence  of  some  melting  at  lower  elevation  sites. 

(2)  The  potential  windiness  parameters  used  were  usually  second 
in  importance  in  explaining  the  variance  of  snowpack  depth. 
Occasionally  they  were  more  important  than  elevation, 
eapeclnlly  in  the  smaller  data  grouping  (N  =  66)  and  in 
early  winter. 

(3)  ri'.e  objective  exposure  system  used  was  more  effective  in 
explaining  variance  than  the  subject!  -e  wind  factor.  In 
tile  Pangtail  area  '.vlierc  southt/estcrly  winds  are  known  to 
do;i;inai.  o ,  the  exposure  to  the  southwest  was  the  most  signi- 
fli'ant  of  all  the  potential  wind  variables.  The  combination 
of  e:-.;;ci:iure  to  tlie  southwest  and  elevation  consistently 
accounted  for  the  greatest  amount  of  variance  explained. 

(■',)  T'.e  objective  average  exposure  in  nil  quadrants  was  ."till  a 
hotter  measure  of  potential  wind  effects  at  a  site  t)ian  tlie 
sulijective  wind  factor. 

(3)  Aspect,  slope,  and  location  parameters  were  generally  not 
effective  In  explaining  t!ie  variance  in  snowpack  depth. 

r.onsidi  c  itlon  of  data  from  tiie  Carrot  fia  jln  area  revealed  that 
o-ily  elovatlon  v..s  In-portant  In  explaining  tlic  snow  depth  variance  in 


that  area,  effects  in  the  ai'ea  v.'ero  iininportnnt ,  even 

iiuirh  of  the  terrain  is  open  and  exposed.  The  lack  of  v.ind  rc'distri- 
bution  of  snov.'  in  this  area  Is  not  well  understootl,  but  may  he  partially 
due  to  effective  blocking  of  low  level  vjincls  by  upwind  ridges. 

As  in  the  Carrot  Basin  area,  only  elevation  was  sign i f leant  in 
reducing  the  snowpack  depth  variance  in  the  Cooke  City  area.  Lack 
of  wind  effects  nay  be  due  to  the  location  of  the  majority  of  .san.pling 
cites  in  sheltered  valley  floor  positions.  Kov/ever,  it  is  not  known 
'vbatlicr  nore  exposed  ri^lge  crest  sites  would  be  subjected  to  V/ind 
redistribution  as  travel  to  such  sites  was  not  practical. 

CocrelaCiou  coaf ficlc-nt-s  betv;een  snov/  depth  and  water  eqin'.vaieat 
values  were  very  Iiigli,  and  sno'wpack  water  coi?tei\t  covild  be  accurately 
esti'.atcd  fri-'ri  snov/  depths  in  all  three  study  areas  if  index  density 
values  were  available  and  exposed  sites  were  avo; dal.  Networks  of 
aerial  snow  depth  markers  established  in  locations  |irotecteJ  frodi 
wind  vcuiatribution  could  provide  accurate,  useful  water  content 
estimates  in  any  of  the  tiirac  mountain  ranges. 

Connarisons  bdiween  tliC  individual  study  areas  revealed  that 
total  snow  a'tounts  received  were  quite  no/qiarablc  at  tb?.  cOCO  ft 
MSI,  level,  Dif forciaces  in  .^1101/  on  tiie  ground  at  8000  ft  ,'fSL  were 
less  tiian  tlie  annnji  'farications  oxper  i ciaccil  by  the  areas.  However, 
comparison  of  anovj  depth  gradients  from  7000  to  8000  ft  MSL  revealed 
a  bi;;h  degree  of  vai- '  nla  11  i  ty  In  both  space  and  time. 


i\TKA;;i  1)  ■n'MPKR.vn'K'::  spn'sixc;  or  SaOu'-covi-red  terrain 


by 

Beuard  A.  SliaEet 
Arlin  B.  Super 


August  1971 


ABSTRACT 

The  feasibility  of  remotely  monitoring  snow  surface  temperatures 
was  investigated  with  a  Barues  IT-3  Infrared  theniiometer .  Much  of  the 
work  concentrated  on  determining  the  vertical  emlssivity  of  dry  snow 
in  tiie  atmospheric  infrared  windov.'  region  betv/een  8  and  14  microns. 

The  emissivity  of  various  snow  surface  types  was  measured  vising 
an  apparatus  called  an  c-:w-:jLVity  hox.  An  average  emlssivity  for 
freshly  fallen  snow  was  found  to  be  0.975.  For  snow  surfaces  crusted 
by  the  effects  of  wlnvl  or  melt  phenomenon  the  average  emlssivity  was 
0.085.  Tiiu  m.'.’an  ^'.-Isaivity  for  all  snew  surface  types  examined  was 
0.0/8.  Tiiese  hig'i  eaiaslvity  values  substantiate  the  hypothesis 
t!'..it  anov;  possesses  apnrox I  aatcly  blackbciy  characteristics  in  the 
S  to  14  micron  spectral  interval. 

i'n  analysis  of  errors  in  radio'aetrically  obtained  snov/  surface 
te npc ratures  revealed  that  th.o  IT-3  is  capable  of  accurately  measuring 
the  true  aei  face  tc.T.peratur.;  to  within  two  degrees  Celsius  for  the 
cemperaruro  i.ai)/.'  caper  I'aiced .  Inversions  In  snow  covered  mountain 
valleys  weri:  cici  <  r  ■  lu lly  rapped  .’uring  aiihorne  case  studies.  Tops 
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if  Inversions  were  located  by  measuring  the  snow  surface  temperature 
variation  with  elevation  and  noting  the  intersection  of  the  inversion 
top  with  the  mountain  slope. 

Raaote  radiometric  temperature  sensing  of  snow  surfaces  appears 
to  offer  a  potentially  useful  tool  for  monitoring  surface  temperature 
gradients  in  arctic  environments.  Its  application  to  meteorological 
investigations  of  surface  temperature  variation  in  otherwise  inacces¬ 
sible  mountainous  regions  in  winter  may  also  prove  valuable. 


SUM1L\RY  Al.T)  CONCLUSIONS 

The  primary  goal  of  the  investigation  was  to  determine  the 
feasibility  of  remotely  monitoring  snow  surface  temperatures  using 
an  airborne  infrared  radiometer.  The  basic  problem  in  this  feasibility 
study  was  determination  of  the  emissivity  range  of  dry  snow  in  the  8 
to  14  micron  spectral  bandwidth.  All  radiometric  measurements  were 
made  i7ith  a  Barnes  IT- 3  Mode] -A  infrared  radiometer. 

Emissivity  measurements  were  made  for  185  snow  samples  of  varying 
crystalline  form  in  the  temperature  range  -1  to  -iSC.  The  technique 
utilized  to  uciform  the  neasureinents  was  that  of  Buottner  and  Kern 
(1965),  with  some  modification  as  recommended  by  Dana  (1969).  An 
instrument  caljed  an  e’liissivity  box  v/as  used  in  this  approach.  The 
vertical  cmisslvi-y  of  snow  in  the  8  to  14  micron  interval  was  found  to 
range  from  0.966  to  0.989.  Freshly  faJ.len  snow  exhibited  an  average 
emissivity  of  0.975.  Crusted  snow  was  found  to  possess  a  mean  omis- 
sivlty  of  0.985.  The  slightly  iilghcr  enisslvity  of  crusted  snow  may 


be  related  to  the  greater  number  of  crystals  per  unit  area  and  Increased 
density.  The  average  eiiiissivity  for  all  types  of  snow  surfaces  examined 
was  0.978.  Thus,  it  is  concluded  that  snow  possesses  approximately 
blackbody  characteristics  in  the  8  to  14  micron  region.  Lower 
emissivitles  found  in  the  literature  appear  to  be  incorrect. 

Airborne  snow  surface  temperature  measurements  were  shown  to  be 
feasible  and  accurate  to  within  about  2C  when  obtained  within  1000  ft 
of  the  surface.  This  value  Includes  the  effect  of  reflected  radiation 
from  the  sky,  emisslvity  corrections,  and  atmospheric  absorption 
between  the  target  and  sensor.  Tops  of  inversions  in  snow-covered 
mountain  valleys  were  successfully  mapped  during  airborne  case  studies. 
Tills  demonstrates  the  practical  applications  of  radiometers  for 
detecting  air  mass  boundaries  at  their  intersection  with  the  surface. 
Airborne  radiometric  measurements  of  snow  surface  temperature  were 
generally  found  to  agree  within  2.5C  with  air  temperature  measured  in 
weather  shelters  nearby.  The  only  exception  in  the  limited  number 
of  case  studies  was  <an  instance  whore  a  strong  inversion  caused  by 
rr.dlation  cooling  resulted  in  a  maximum  difference  of  5.8C  between 
the  radiant  snow  surface  temperature  and  shelter  temperature. 

Radiometric  temperature  sensing  of  snow  surfaces  offers  a  use¬ 
ful  tool  in  investigations  of  surface  temperature  gradients  in  arctic 
and  alpine  environments.  Coupling  an  airborne  infrared  thermometer 
v/ith  an  aircraft-mounted  air  temperature  sensor  provides  the  added 
capability  for  monitoring  the  temperature  distribution  of  a  remote 


area  in  throe  dimensions. 


Airborne  radiometric  temperature  sensing  of  snow-covered  terrain 
offers  a  method  of  obtaining  real-time  surface  temperature  data  in 
remote  arctic  and  mountainous  regions  to  supplement  an-j  improve 
satellite  surface  temperature  information.  Ultimately,  satellite 
monitoring  on  a  routine  basis  might  be  preferred.  However,  satellite 
scanning  of  the  surface  temperature  has  the  disadvantage  of  being 
limited  to  cloudless  conditions.  Airborne  radiometry,  on  the  other 
hand,  is  restricted  only  by  flying  conditions.  Airborne  radiometers 
also  provide  more  detail  on  surface  temperature  distributions  than 
is  possible  with  satellite-mounted  sensors. 
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ABSTRACT 

Information  on  several  mountain  snowpack  parameters  was  obtained 
from  a  number  of  snowpits  dug  in  the  Bridget  Mountains  of  southwestern 
Montana.  The  data  were  collected  during  three  winters  from  a  total 
of  three  separate  sites.  The  parameters  studied  Included  depth, 
density,  age,  grain  size,  ram  resistance,  shear  vane  strength,  tem¬ 
perature,  and  air  permeability.  Air  temperature,  precipitation,  and 
in  some  cases,  wind  speed  were  also  measured. 

Statistical  analyses  were  performed  to  determine  how  the  snow¬ 
pack  pat.uneters  were  related.  Snow  density  was  strongly  related  to 
the  overburden  pressure  or  load  of  the  overlying  snowpack  and  to 
the  age  of  the  snowpack.  The  relationship  with  age  apparently 
resulted  from  the  rate  of  loading  being  approximately  a  linear 
function  of  time.  Ram  resistance  was  strongly  related  to  density 
and  shear  vane  strength,  with  the  relationships  being  in  good  agree¬ 
ment  with  work  done  in  other  locations.  Air  permeability  correlated 
significantly  with  depth,  age,  grain  size,  and  shear  vane  strength, 
but  the  individual  relationships  were  relatively  weak. 


SUMMARY  AND  CONCLUSIONS 


An  investigation  of  some  of  the  physical  parameters  of  the 
seasonal  mountain  snowpack  was  carried  out  in  the  Brldger  Range  of 
southwestern  Montana,  The  field  portion  of  tlie  study  extended  through 
three  winters  with  data  being  collected  from  three  separate  areas. 

The  study  areas  were  all  clearings  in  the  forest  and  ranged  from 
very  protected  to  somewhat  windy. 

Most  snowpack  parameters  were  sampled  by  digging  pits  through 
the  pack  and  making  measurements  in  a  vertical  profile  along  a  pit 
wall.  A  total  of  54  snowpits  were  sampled  during  the  three  field 
seasons.  Parameters  sampled  included  density,  temperature,  air 
permeability,  ram  resistance,  shear  vane  strength,  grain  size,  crystal 
type,  and  age  of  selected  strata.  Continuous  air  temperature  and 
precipitation  data  were  also  available,  and  average  dally  wind 
speeds  were  measured  during  the  last  field  season. 

Snowpack  data  were  stratified  into  three  categories:  regular 
snow,  depth  hoar,  and  isothermal  snow.  Interrelations  were  statisti¬ 
cally  derived  between  sno'..rpack  parameters  for  each  type  of  snow. 
Differences  betv/een  study  sites  were  also  examined. 

The  density  of  regular  snow  was  found  to  be  strongly  dependent 
upon  the  amount  of  overburden  pressure  or  load.  Because  the  rate  of 
loading  was  approximately  constant  v/ith  time,  strong  density-age 
relationships  were  apparent  at  individual  study  sites. 

Even  though  the  snow  depth-density  relationship  varied  from 
site  to  site  and  season  to  season,  the  rol.at lonship  was  strong. 


The  variations  are  probably  related  to  windiness  during  and  shortly 
after  snowfall,  to  the  rate  of  loading,  and  to  the  vertical  temperature 
gradient  through  the  snowpack.  Depth  hoar  and  isothermal  snow 
displayed  weak  depth-density  relationships. 

Ram  resistance  was  found  to  be  highly  related  to  snow  density 
for  both  regular  snow  and  depth  hoar.  The  relationship  for  regular 
snow  was  in  good  agreement  with  some  previous  work.  Ram  resistance 
was  also  highly  related  to  snow  strength  as  measured  by  a  torque 
shear  vane  for  both  depth  hoar  and  regular  snow.  The  relationship 
for  regular  snow  was  similar  to  those  developed  at  Alta,  Utah,  and 
Goose  Lake,  Montana.  This  suggests  that  a  single  relationship 
exists  for  regular  snow  in  the  Northern  Rockies. 

Air  permeability  was  found  to  be  significantly  correlated  with 
depth,  age,  grain  size,  and  shear  strength  but  not  with  density. 

All  significant  correlation  coefficients  were  negative  with  the 
exception  of  the  coefficient  relating  permeability  and  grain  size. 

The  variance  of  permeability  explained  by  any  of  the  parameters 


measured  was  rather  small. 
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